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Experimentally-induced warm renal ischemia induces cortical
accumulation of hyaluronan in the kidney
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Experimentally-induced warm renal ischemia induces cortical accumu-
lation of hyaluronan in the kidney. An accumulation of the connective
tissue component, hyaluronan (HA), is known to occur in both syngeneic
and allogeneic kidney grafts during the early postoperative period. The
presence of HA in the interstitial tissue of the grafts is paralleled by an
increased water content, suggesting a role for HA in the development of
the transplantation edema. In the present work, the kidney content and
distribution of HA was studied in a model of warm renal ischemia in the
rat to investigate whether renal ischemia is associated with HA accumu-
lation. Seventy-two hours after a period of warm renal ischemia (30 or 60
mm) significantly higher amounts of HA were observed in the left kidney
that had been exposed to ischemia, than in the right, healthy kidney. The
most pronounced increase was found to occur in the cortex (20 to 40
times), a structure where there normally is almost no presence of HA. In
addition, there was a correlation between the relative water content of the
kidney and the amount of HA possible to extract from the tissue. The
renal accumulation of HA and water was prevented by daily intravenous
administration of hyaluronidase. We conclude that renal ischemia induces
an accumulation of HA that may increase the risk for the development of
interstitial edema, a situation that may be circumvented by hyaluronidase
treatment.
Hyaluronan (HA; hyaluronate or hyaluronic acid by older
nomenclature) is an important constituent of the loose connective
tissue and is synthetized by mesenchymal cells [1]. HA is a
glycosaminoglycan with unique water-binding properties [1, 21.
The interstitial transplantation edema has therefore been partly
attributed to the conspicious accumulation of HA seen in the
interstitial tissue of the cortex during renal allograft rejection [3].
Since the interstitial edema may influence the vascular resistance
and the condition of the graft, the primary aim of this study was
to elucidate if renal ischemia per se was associated with HA
accumulation. We have therefore localized and quantified HA in
the kidney of the rat after 30 and 60 minutes of warm ischemia.
The results obtained show that ischemic injury induces a signifi-
cant HA accumulation in the renal cortex with a parallel increase
in the water content.
Methods
Animals
Male Lewis rats weighing 200 to 300 g were used for the
experiments. The animals were obtained from Møllegaard
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(Skensved, Denmark) and were allowed to settle for at least one
week before operation, given free access to food and water. All
operation procedures were performed under anesthesia induced
by chioraihydrate, 160 mg/kg body wt, given intraperitoneally.
Renal ischemia
The left kidney was exposed and totally freed from surrounding
tissues. The artery and the vein were then cross clamped together
using a microvascular clamp. After 30 or 60 minutes the clamp
was removed and the abdomen closed. Three days later both the
left and the right kidneys were harvested and either intact kidney
(N = 4 to 6 in each group) or cortex only (4; N = 8 in each group)
treated further. An additional group of rats underwent a similar
surgical procedure, with the exception of clamping of the renal
vessels (N = 3).
As a separate experiment we investigated the impact of hyal-
uronidase treatment on HA and water content in the kidney after
warm renal ischemia. Sixty minutes of renal ischemia was induced
as described above, and two minutes before removal of the
microvascular clamp 10,000 IE/kg body wt of hyaluronidase from
sheep testes, type V (Sigma Chemical Co., St. Louis, MO, USA)
was administered in the femoral vein (N = 5). Five thousand
IE/kg body wt hyaluronidase was given after 24 and 48 hours and
10,000 IE/kg body wt after 70 hours. In parallel, 60 minutes of
renal ischemia was induced in five more rats that were not treated
with hyaluronidase. Seventy-two hours after clamping the left and
the right kidney were harvested.
Quantitative assay of HA and determination of water content
Immediately after harvesting, all specimens were put on filter
paper and weighed three minutes later (wet wt). The specimens
were lyophilized overnight and weighed again (dry wt). After
grinding, the HA was extracted from the tissues for 16 hours with
0.5 M NaCI. Following centrifugation for 15 minutes at 2,000 g the
HA-content of the supernatants was analyzed using a commer-
cially available radiometric assay (Pharmacia Diagnostics, Upp-
sala, Sweden). The technique is based on the binding of HA to
specific hyaluronic acid binding proteins (HABP; 5). Briefly, 100
p1 sample is incubated for 60 minutes at 4 to 7°C with 200 .d
12I-labeled HABP. One hundred microliters of HA-Sepharose is
added and the incubation continued for 45 more minutes at the
same temperature. Before centrifugation at 2,000 g for 10 min-
utes, 2 ml of washing solution were added. After decantation the
radioactivity in the pellet was measured by a gamma counter.
A standard curve was constructed from samples with known
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amounts of HA. Double analyses were performed on each sample,
with a variability of less then 10%. The relative water content,
expressed as percent water of the total weight of the tissue, was
calculated as 100 X (wet wt — dry wt)/wet wt.
Immunohistochemical analysis
To locate the distribution of HA, immunohistochemical stain-
ings were performed. Kidney specimens for histopathological
studies were taken three days after exposure to 30 or 60 minutes
of warm ischemia. The organs were immediately fixed in buffered
4% formalin, pH 7.3, with 1% cetylpyridiniumchloride and stored
at room temperature until embedded in paraffin and sectioned.
For the detection of HA an avidin-enzyme, biotin-protein system
was used mainly as described earlier [3]. In brief, the sections were
incubated with bovine serum albumin (10 mg/ml, Fraction V;
Sigma Chemical) to block non-specific binding sites and, thereaf-
ter, in 3% H202 in phosphate-buffered saline to inhibit endoge-
nous peroxidase. After incubation for two hours with HABP the
sections were incubated with ABC Vectastain Reagent (Vector
Laboratories, Burlingame, CA, USA) for one hour. Finally, H202
as substrate and 3-amino-9-ethyl-carbazole (AEC) as electron
donor were added, whereafter the specimens were counterstained
with Mayer's hematoxylin. Control sections were incubated for
two hours with Streptomyces hyaluronidase.
Statistical analysis
Data are given as mean values and SEM. Comparison between
groups was evaluated by Student's paired t-test and correlation
between HA and water by linear regression. A P level of less than
0.05 was regarded as significant.
Results
The HA content of the right kidneys, not exposed to ischemia,
was on average 56.6 3.4 and 64.2 12.2 jxg/g drywt after 30 and
60 minutes, respectively, of induced warm ischemia (P = NS; Fig.
1). The relative water content of the right kidneys at the two
experimental settings was 78.0 0.7% and 77.3 0.4%, respec-
tively. In the left kidney, which three days earlier had been
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Fig. 2. The correlation between HA concentration and water content in the
kidney 72 hours after the &posure to 30 (•) or 60 (0) minutes of wann renal
ischemia. r = 0.88, P < 0.001.
exposed to ischemia for 30 minutes, the water content had
increased to 79.8 1.1% (P < 0.05 compared to the right kidney)
and the HA content to 101.8 11.1 agIg dry wt (P < 0.01
compared to the right kidney). A longer period of ischemia, that
is, 60 minutes, caused a further increase of both the relative water
content and the HA content to 83.3 0.6% (P < 0.001 compared
to the right kidney) and 184.1 6.1 jxglg dry wt (P < 0.01
compared to the right kidney), respectively (Fig. 1). The correla-
tion between the relative water content and the amount of HA
was significant (r = 0.88, P < 0.001; Fig. 2).
Extraction of microdissected kidneys demonstrated that the
relative increases of HA and water in ischemically damaged
kidneys were most pronounced in the cortical tissue. In the
non-ischemic kidney the cortical concentration of HA was 0.4
0.2 jxg/g dry wt and 1.2 0.3 xg/g dry wt after 30 and 60 minutes
of ischemia, respectively (Fig. 3), whereas the relative water
content was 71.9 0.8% and 74.0 0.5%. In the left kidney that
had previously been exposed to ischemia for 30 minutes the
cortical HA concentration was 17.8 3.4 pg/g dry wt (P < 0.01
compared to the right kidney) and 24.5 7.2 iLg!g dry wt after 60
minutes of ischemia (P < 0.05 compared to the right kidney). The
relative water content of the cortex in kidneys exposed to 30
minutes of warm ischemia was 75.8 0.8% (P < 0.01 compared
to the right kidney) and 77.7 0.6% after 60 minutes of ischemia
(P < 0.001 compared to the right kidney). The HA concentration
correlated to the water content of the renal cortex in the ischemic
kidneys (r = 0.72, P < 0.01; Fig. 4). In similar experiments where
the kidneys had been exposed to 60 minutes of warm ischemia but
were already harvested two hours after reperfusion, no increased
amounts of neither HA nor water were observed in the cortex
(data not shown).
In sham-operated rats that had undergone laparatomy and had
their left kidneys freed from surrounding tissues there were no
differences in HA and water contents between the right and left
kidneys: 63.4 29.6 xg/g dry wt HA and 77.8 1.7% water in the
right kidney and 64.3 33.8 HA jxg/g dry wt and 77.3 1.4%
water in the left kidney.
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Fig. 1. The concentration of HA in the kidney 72 hours after the exposure to
30 or 60 minutes of warm renal ischemia (LI) and in the contralateral, healthy
kidney ().
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The immunohistochemical distribution of HA in kidneys from
normal, healthy animals demonstrated a positive staining in the
papilla and in the adventitia of the vessels, but no HA staining in
the glomeruli or the interstitial tissue of the cortex and the outer
medulla. After 60 minutes of warm ischemia and three days after
reperfusion a cellular edema was present with swollen glomeruli,
exudation of the tubuli and dilatation of the vessels (Figs. 5 a and
b). After ischemia, HA was not only present in the papilla but also
in the interstitial tissue of the border between the cortex and the
medulla (Figs. 6 a and b). HA was also visualized around the
dilated vessels.
Treatment with hyaluronidase was found to prevent the accu-
mulation of HA and water but had no significant influence of the
HA and water contents of the non-ischemic control kidney. In
non-drug treated rats the increase of HA was on average 275
25% in the left kidney exposed to 60 minutes of ischemia
compared with the non-ischemic right kidney (P < 0.001). Hyal-
uronidase treatment reduced the difference of the HA content
between the ischemic and non-ischemic kidney to 4%. This
significant effect of hyaluronidase treatment was accompanied by
a reduction of the water content of the kidney. In the hyaluroni-
dase treatment group the relative water content was 78.6 0.7%
in the non-ischemic right kidney and 80.9 0.5% in the ischemic
left kidney (NS); corresponding values in the non-treated group
were 76.9 0.3% and 82.4 0.5% (P < 0.001).
Discussion
In the healthy rat kidney, HA is seen in the interstitium of the
inner portion of the medulla and in particular in the papilla. After
exposure of the kidney to ischemic injury a positive staining for
HA also appears in the interstitial tissue of the outer medulla and
cortex, structures which normally have no or a very faint staining
for HA. These histological findings were supported by our specific
demonstration of extractable amounts of HA in the normal and
ischemically injured kidney. The 20- to 40-fold increase of the HA
content of the cortex observed three days after induced ischemia
indicates that hypoxia, like inflammatory mechanisms [3—8], in-
duces an early onset of HA synthesis from interstitial cells. During
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Fig. 4. The correlation between HA concentration and water Content in the
renal cortex 72 hours after the exposure to 30 (•) or 60 (0) minutes of warm
renal ischemia. r = 0.72, P < 0.01.
inflammation it is reasonable to attribute the enhanced interstitial
HA synthesis to certain mediators with fibroblast-activating prop-
erties like interleukin-1 and platelet and epidermal growth factors
[9—i 1]. Low oxygen tension may induce the synthesis of cytokines
[12, 13], which therefore may be partly responsible for the cortical
HA accumulation after ischemic injury. Fibroblasts in particular,
but also other cell types react to anoxia by induction of oncogenes
and induction and secretion of proteins [14, 151. Thus, a fibroblast
anoxic metabolic response may be responsible for an enhanced
interstitial HA synthesis. The observation that the HA accumula-
tion occurred primarily in the renal cortex after ischemia may
reflect the varying sensitivity of different cell types to low oxygen
tension.
HA has unique water-binding properties and exerts a strong
osmotic force when accumulated in the interstitial tissue [1, 21.
Thus, the normal extratubular accumulation of HA in the papilla
may be of importance for the papillary function by serving as a
retention lattice for the sodium gradient known to be present in
this portion of the kidney [31. However, induced interstitial HA
accumulation in other organ structures may have negative func-
tional effects. Previous experimental studies of the myocardium,
kidney and lung have shown that the substantial accumulation of
HA seen in the interstitial tissue after inflammatory injury occurs
in parallel with an increase of the water content [3, 6—8].
Interstitial edema of myocardium or renal cortex may increase the
extracellular pressure and thereby compress the microcirculation
[3, 6, 16], and interstitial alveolar edema impairs oxygen transport
[171. Renal isehemia induced by vascular clamping is known to
impair the function of the kidney, as seen by an increase in serum
creatinine and a decrease in glomerular filtration rate [181.
In this study we observed that the ischemic injury induced a
parallel increase of the HA and water content of the cortical
tissue. However, in comparison with rejection of renal grafts [3],
renal isehemia induces a much less pronounced HA accumulation
of the cortex and also a considerably more modest interstitial
edema.
Hyaluronidase specifically reduces the HA content of tissues
and application of hyaluronidase decreases the interstitial volume
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Fig. 3. The concentration of HA in the renal cortex 72 hours after the
exposure to 30 or 60 minutes of warm renal ischemia (0) and in the
contralateral, healthy kidney (l.
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Fig. 5. Hematoxylin-eosin stained kidney tissue sections showing (A) the morphology of the kidney 72 hours after the exposure to 60 minutes of warm renal
ischemia and (B) the morphology of the contralateral, nonischemic kidney.
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Fig. 6. Staining for HA showing (AS) the presence of HA in the interstitial tissue of the border between the cortex and the medulla 72 hours after the exposure
to 60 minutes of warm renal ischemia and (B) the absence of HA in the same area in the contralateral, nonischemic kidney.
of edematous tissues [19]. Hyaluronidase treatment is reported to volumes of edematous tissues [20, 21]. Recently it was also
have a cardioprotective effect in clinical and experimental studies reported that the addition of hyaluronidase to the preservation
on myocardial infarction probably by decreasing the interstitial solution reduces the formation of edema after preservation of rat
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cardiac grafts [22]. This observation, together with our findings
that hyaluronidase prevents HA and water accumulation induced
by ischemia, suggest that reduction of HA interstitial content as
well as avoidance of HA accumulation by limited ischemic periods
should improve the initial graft condition after transplantation.
The acute and chronic outcomes of cadaveric renal transplants are
certainly dependent on several factors, but reduction of ischemia/
reperfusion injury have beneficial effects [23]. Since accumulated
data suggest that excessive HA interstitial accumulation and
associated edema may interfere with vascular resistance, we
propose that the use of hyaluronidase should be considered for
preservation of solid organs [22] and in the post-transplantation
period.
Acknowledgments
This work was supported by the Swedish Medical Research Council and
Njursjukas Forening i CUWX Lan. We thank Margit Tjernberg for
technical assistance.
Reprint requests to Cecilia Johnsson, Ph.D., Department of Transplanta-
tion Surgery, University Hospital, S- 751 85 Uppsala, Sweden.
References
1. COMPER WD, LAURENT TC: Physiological function of connective
tissue polysaccharides. Physiol Rev 58:255—315, 1978
2. MASON RM: Recent advances in the biochemistry of hyaluronic acid
in cartilage. Progr Clin Biol Res 54:87—112, 1981
3. HALLGREN R, GERDIN B,TUFVESON G: Hyaluronic acid accumulation
and redistribution in rejecting rat kidney graft: Relationship to the
transplantation edema. JExp Med 171:2063—2076, 1990
4. KARLBERG L, NORLEN BJ, OJTEG G, WOLGAST M: Impaired medul-
lary circulation in postischemic acute renal failure. Acta Physiol Scand
118:11—17, 1983
5. TENGBLAD A: Quantitative analysis of hyaluronate in nanogram
amounts. Biochem J 185:101—105, 1980
6. HALLOREN R, GERDIN B, TENGBLAD A, TUFVESON G: Accumulation
of hyaluronan (hyaluronic acid) in myocardial interstitial tissue par-
allels development of transplantation edema in heart allografts in rats.
J Clin Invest 85:668—673, 1990
7. WALDENSTROM A, FOI-ILMAN J, ILBAcK NG, RONQUIST G, HALLGREN
R, GERDIN B: Coxsackie B3 myocarditis induces a decrease in energy
charge and accumulation of hyaluronan in the mouse heart. EurJ Clin
Invest 23:277—282, 1993
8. NETrELBLADT 0, BERGH J, SCHENHOLM M, TENGBLAD A, HAILGREN
R: Accumulation of hyaluronic acid in the alveolar interstitial tissue in
bleomycin-induced alveolitis. Am Rev Resp Dis 139:759—762, 1989
9. HAMERMAN D, WooD DD: Interleukin 1 enhances synovial cell
hyaluronate synthesis. Proc Soc Exp Biol Med 177:205—210, 1984
10. ENGSTROM-LAURENT A, FELTELIUS N, HALLGREN R, WASTESON A:
Raised serum hyaluronate levels in scleroderma: An effect of growth
factor induced activation of connective tissue cells? Ann Rheum Dis
44:614—620, 1985
11. HELDIN T, LAURENT TC, HELDIN C-H: Effect of growth factors on
hyaluronan synthesis in cultured human fibroblasts. Biochem J 258:
919—922, 1989
12. KNIGHTON DR, HUNT TK, SCHEUENSTUHL H, HALLIDAY BJ, WERB Z,
BANDA MJ: Oxygen tension regulates the expression of angiogenesis
factor by macrophages. Science 221:1283—1285, 1983
13. LEIBovIci-i SJ, POLVERINI PJ, SHEPARD HM, WISEMAN DM, SHIVELY
V, NUSEIR N: Macrophage-induced angiogenesis is mediated by
tumor necrosis factor-a. Nature 329:630—632, 1987
14. ANDERSON GR, STOLER DL, SCAREILO LA: Normal fibroblasts re-
sponding to anoxia exhibit features of the malignant phenotype. J Biol
Chem 264:14885—14892, 1989
15. ANDERSON GR, STOLER DL: Anoxia, wound healing, VL 30 elements,
and the molecular basis of malignant conversion. BioEssays 15:265—
272, 1993
16. WALDENSTROM A, MARTINUSSEN H, GERDIN B, HALLGREN R: Accu-
mulation of hyaluronan and tissue edema in experimental myocardial
infarction. J Cliii Invest 88:1622—1628, 1991
17. NETTELBLADT 0, TENGBLAD A, HALI.GREN R: Lung accumulation of
hyaluronan parallels pulmonary edema in experimental alveolitis.
Am J Physiol 257:379—384, 1989
18. GUAN Z, MILLER SB, GREENWALD JE: Zaprinast accelerates recovery
from established acute renal failure in the rat. Kidney mt 47:1569—
1575, 1995
19. SUNNERGREN KP, RovErro MJ: The effects of hyaluronidase on
interstitial hydration, plasma protein exclusion, and microvascular
permeability in the isolated perfused rat heart. Microvasc Res 30:286—
297, 1985
20. RovErro MJ: Effect of hyaluronidase and methylprednisolone on
myocardial function, glucose metabolism and coronary flow in the
isolated ischemic rat heart. Circ Res 41:373—379, 1977
21. ROBERTS R, BRAUNWALD E, MULLER JE, CROEr C, GOLD HK,
HARTWELL TD, JAFFE AS, MULLIN SM, PARKER C, PASSAMANIER,
POOLE WK, ROBERTSON T, RAABE DS JR, RUDE RE, STONE PH, TURI
ZG, SOBEL BE, WILLERSON JT, THE MILLS STUDY GROUP: Effect of
hyaluronidase on mortality and morbidity in patients with early
peaking of plasma creatine kinase MB and non-transmural ischaemia.
Br Heart J 60:290—298, 1988
22. FISCHER JH, JESCHKEIT 5, KLEIN P: Adding a new principle to
hypothermic storage preservation—Reduction of edema formation by
hyaluronidase. Transplantation 58:748—753, 1994
23. LAND W, ScHNEEBERGER H, ScLEIBNER S, ILLNER W-D, ABENDROTH
D, RUTILI G, ARFORS KE, MESSMER K: The beneficial effect of human
recombinant superoxide dismutase on acute and chronic rejection
envents in recipients of cadaveric renal transplants. Transplantation
57:21 1—217, 1994
